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Cdrv st, Cdrv sl−st, Cdrv sl
Cdrv st =


Cst −Ct 0 · · · 0 −Ct
−Ct Cst −Ct . . . 0 0
0 −Ct Cst . . . 0 0
...
. . .
. . .
. . .
. . .
...
0 0 0
. . . Cst −Ct
−Ct 0 0 · · · −Ct Cst


(2.2)
(∗n×n matrix)
Cdrv sl−st =


C1,1+n C1,2+n · · · C1,m+n
C2,1+n C2,2+n · · · C1,m+n
...
... · · · ...
Cn,1+n Cn,2+n · · · Cn,m+n

 (2.3)
(∗n×m matrix)
Cdrv sl =


Csl −Cl 0 · · · 0 −Cl
−Cl Csl −Cl
. . . 0 0
0 −Cl −Csl
. . . 0 0
...
. . .
. . .
. . .
. . .
...
0 0 0
. . . Csl −Cl
−Cl 0 0 · · · −Cl Csl


(2.4)
(∗m×m matrix)
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-
Ci, j+n(θx) =−Cm0−Cm1 cos
{
θx− 2pi(i−1)
n
+
2pi( j−1)
m
}
(2.5)
=−Cm0−Cm1 cos
{
2pi
L
x− 2pi(i−1)
n
+
2pi( j−1)
m
}
(2.6)
L(= np) 1 θx =
2pix
L
x
( Ci, j+n = C j+n,i, 1 ≤ i ≤ n,
1≤ j ≤ m)
V
V = (vt(1), . . . ,vt(n),vl(1), . . . ,vl(m)) (2.7)
i i i
(i= 1, 2, · · ·, n) j ( j = 1, 2, · · ·, m)
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vt(i) =Vt sin
{
ωtt− 2(i−1)pi
n
}
(2.8)
vl( j) =Vl sin
{
ωlt− 2( j−1)pi
m
}
(2.9)
fmn
V
fmn =
1
2
VT
dCdrv(θx)
dx
V (2.10)
=
n
∑
i=1
m
∑
j=1
vt(i)vl( j)
∂Ci,j+n
∂x
(2.11)
=
n
∑
i=1
m
∑
j=1
2piCm1VtVl
L
· sin
{
ωtt− 2pi(i−1)
n
}
· sin
{
ωlt− 2pi( j−1)
m
}
·
sin
{
2pi
L
x− 2pi(i−1)
n
+
2pi( j−1)
m
}
(2.12)
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n
∑
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m
∑
j=1
[
sin
{
(ωt−ωl)t+ 2pi
L
x− 4pi(i−1)
n
+
4pi( j−1)
m
}
+sin
{
(ωt+ωl)t− 2pi
L
x− 4pi( j−1)
m
}
−sin
{
(ωt+ωl)t+
2pi
L
x− 4pi(i−1)
n
}
−sin
{
(ωt−ωl)t− 2pi
L
x
}]
(2.13)
1. 1 sin 0 4pi
4pi
n
4pi
m
2. 2 sin 0 4pi
4pi
m
3. 3 sin 0 4pi
4pi
n
4. 4 n, m
1. 1
4pi
n
4pi
m
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2. 2
4pi
m
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3. 3
4pi
n
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n, m n = 1, 2 m = 1, 2
1. m= 1 ,2, n= 1, 2
2. m≥ 3, n= 1 ,2
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4. m≥ 3, n≥ 3
(1) m= 1, 2, n= 1 ,2
fmn =
mnpiCm1VtVl
L
sin
(
2pi
L
x
)
{cos(ωt−ωl)t+ cos(ωt+ωl)t} (2.14)
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2L
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sin
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L
x
}
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{
(ωt−ωl)t− 2pi
L
x
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(2.16)
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fmn =−mnpiCm1VtVl
2L
sin
{
(ωt−ωl)t− 2pi
L
x
}
(2.17)
(2.14) sin 2pi
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x x
(2.15), (2.16)
m n ωt ωl
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1 n n+1 n+m n+m+1
n+2m
[46]
[46] [49]
[49]
m n
(2m+n)× (2m+n) i j
Ci, j i= j i 6= j
i 6= j −Ci, j i j
( )
C(θx) 2
C(θx) =
[
Cdrv(θx) Om+n,m
Om,m+n Om
]
+
[
On On,2m
O2m,n Cind
]
(2.29)
Cdrv Cind
Cdrv DEMED (2.1) Cind
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Cind =
[
Cind sub −Cind sub
−Cind sub Cind sub
]
(2.30)
(∗2m×2m matrix)
Cind sub
Cind sub =


Ci 0 · · · 0
0 Ci
. . . 0
· · · . . . . . . 0
0 0 0 Ci

 (2.31)
(∗m×m matrix)
n+1 n+m
( C(n+ j),(n+m+ j), 1≤ j ≤ m)
C(θx)
VITEM qVITEM ,
.
qVITEM = C(θx)VVITEM (2.32)
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VVITEM
VVITEM = (vst(1), . . . , vst(n), Vind(1), . . . , Vind(m), vsl(1), . . . , vsl(m)) (2.33)
i j
vst(i) =Vst sin
{
ωstt− 2(i−1)pi
n
}
(2.34)
vsl( j) =Vsl sin
{
ωslt− 2( j−1)pi
m
+φ
}
. (2.35)
Vind( j) (1≤ j ≤ m) qVITEM
qVITEM = (q1, . . . , qn, 0, . . . , 0, q(1+m+n), . . . ,q(2m+n)) (2.36)
(2.32)
vst(i) vsl( j) 2
j
Vind( j) = Asin
{
ωstt− 2( j−1)pi
m
−θx
}
+Bsin
{
ωslt− 2( j−1)pi
m
}
(2.37)
(2.29), (2.33), (2.36), (2.37) (2.32) (2.37) A B
A =
−2CiVsl csc(θx+ωslt−ωstt)sin(φ)+nCm1Vst
2
(
Ci+Csl−δCl cos 2pim
)
B =
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5 10.0 Hz 6.0 Hz 16.0 Hz 4.0 Hz
6 10.0 Hz 5.0 Hz 15.0 Hz 5.0 Hz
7 10.0 Hz 4.0 Hz 14.0 Hz 6.0 Hz
8 10.0 Hz 3.0 Hz 13.0 Hz 7.0 Hz
9 10.0 Hz 2.0 Hz 12.0 Hz 8.0 Hz
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FFT 0.1 Hz 10 s
0.1 FFT
(3.1) θx θ0
f24 =
piCm1
p
VlVt {sin(ωlt+ωtt−θ0)+ sin(ωlt−ωtt+θ0)} (3.3)
θ0
FFT
2
(3.1)
FFT Fig. 3.8 10 Hz
0.1 N
10 Hz
Table 3.1 Condition11
0.1 Hz
10 Hz
(3.1) p= 0.8×10−6 m Vl =Vt = 1000
3.2 DEMED 57
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
0 0.2 0.4 0.6 0.8 1
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
0 5 10 15 20
frequency (Hz)
0 2 4 6 8 10
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
time (s)
fo
rc
e 
(N
)
fo
rc
e 
(N
)
fo
rc
e 
(N
)
fo
rc
e 
(N
)
fo
rc
e 
(N
)
fo
rc
e 
(N
)
0 5 10 15 20
frequency (Hz)
(a) slider10 Hz，stator 9 Hz (b) slider 10 Hz，stator 8 Hz
(c) slider10 Hz，stator 7 Hz (d) slider 10 Hz，stator 6 Hz
(e) slider10 Hz，stator 5 Hz (f) slider 10 Hz，stator 4 Hz
(g) slider10 Hz，stator 3 Hz (h) slider 10 Hz，stator 2 Hz
(i) slider10 Hz，stator 1 Hz (j) slider 10 Hz，stator 10 Hz
(k) slider10 Hz，stator 0.1 Hz
in each figure
    (left): force
    (right): FFT force
Fig.3.7
10 Hz
FFT FFT 2
( )
58 3 VITEM
0
0.05
0.1
0.15
0 5 10 15 20
fo
rc
e 
(N
)
frequency (Hz)
Fig.3.8 DEMED Fig.
3.7 FFT
0.1 N
-30
-25
-20
-15
-10
-5
0
C
m
1
 (
p
F
)
position (100 µm/div)
Fig.3.9
V Cm1 Cm1 3.2.3
3.2.3
Cm1 3.2.3
Cm1
Cm1 Fig. 3.9
0.8 mm 1
FFT Cm1 = 8.8 pF 0.14 N
3.2 DEMED 59
transformer
circuit
1
3
2
4
multifunction 
synthesizer
voltage 
amplifier
Electrostatic
motor
10
10
10
5
6
stator
slider
Fig.3.10
3.2.5 DEMED
DEMED
Fig. 3.10
(WF1946, NF ) (HSA4012, NF
, : 10) Fig. 3.11
1:33 33 2
Fig. 3.10
2
90◦
Fig. 3.12 1 kV0−p 1000 Hz 1 kV0−p 999 Hz
(1 Hz)
(1999 Hz)
Fig. 2.7
60 3 VITEM
4 phase output
2 phase output
4 phase input
2 phase input
transformers
Fig.3.11
Fig. 3.12
(3.2)
Cm1 19.4 pF Fig. 3.9
(3.2) 0.305 N
3.2.6 DEMED
DEMED
Fig. 3.13
(Fluorinert FC-77, 3M)
10 µm
Fig. 3.14
(Model 200, Zimmer Japan Ltd.) 4
XY
X, Y 20 mm
3.2 DEMED 61
–0.5
0
0.5
th
ru
st
 f
o
rc
e
 (
N
)
time (0.2 s/div)
Fig.3.12 ( 1000 Hz 999 Hz)
(1 Hz)
sliderstator
Fig.3.13
62 3 VITEM
Z axis stage
X axis stage
θ axis stage
Y axis stage
stator
slider
displacement
sensor
(Zimmer)
marker
acrylic case
Fig.3.14
θ
XY Z
Fig. 3.10 1000 Hz
2
1. 1 1000 Hz 999 Hz / 1001 Hz
2. 2 1000 Hz 998 Hz / 1002 Hz
1 1 Hz 2
2 Hz Fig. 3.15
1 0.8 mm/s 2 1.6 mm/s
(2.28)
DEMED
DEMED DEMED
DEMED 2
3.2 DEMED 63
d
is
p
la
ce
m
e
n
t 
 (
0
.5
 m
m
/d
iv
)
time (0.5 s/div)
Slider 999/1001 Hz (switching)
Stator 1000 Hz
Slider 998/1002 Hz (switching)
Stator 1000 Hz
Fig.3.15 DEMED
Fig. 3.15 200 µm
200 µm
Fig. 3.3
DEMED
[51] DEMED
DEMED
Fig. 3.15
Fig. 3.15
64 3 VITEM
d
is
p
la
ce
m
e
n
t 
 (
1
0
 µ
m
/d
iv
)
time (0.5 ms/div)
Fig.3.16 1000 Hz
(2000 Hz)
200 400 600 800 1000 1500
4
6
8
10
20
30
40
50
60
frequency of stator and slider voltage (Hz)
am
p
li
tu
d
e 
o
f 
v
ib
ra
ti
o
n
 (
µ
m
)
Fig.3.17
2
3.3 VITEM 65
15
4
.5
8
31.5
30
4
.5
8
driving electrodesinduction electrodes
Fig.3.18 VITEM ( ) ( )
1 kV0−p
Fig. 3.16
1000 Hz
2000 Hz Fig. 3.17
10 µm
3.3 VITEM
VITEM
3.3.1 VITEM
Fig. 3.18 VITEM
8× 30 mm 4.5× 31.5 mm
240 mm2 283.5 mm2
8× 15 mm 4.5× 15 mm 120 mm2
66 3 VITEM
0
20
40
60
80
100
120
140 C11
C22
C33
C44
C55
C66
C77
C88
–45
–40
–35
–30
–25
–20
–15
–10
C12
C14
C23
C34
C13
C24
–60
–50
–40
–30
–20
–10
0 C18
C17
C28
C27
C38
C37
C48
C47
–30
–25
–20
–15
–10
–5
0
C58
C67
C56
C78
–30
–25
–20
–15
–10
–5
0
C57
C68
–6
–5
–4
–3
–2
–1
0 C15
C16
C25
C26
C35
C36
C45
C46
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
C
ap
ac
it
an
ce
co
ef
fi
ci
en
t 
(p
F
)
position  (200 µm/div) 
position  (200 µm/div) 
position  (200 µm/div) 
position  (200 µm/div) 
position  (200 µm/div) 
position  (200 µm/div) 
Fig.3.19 VITEM
135 mm2 Sratio 0.47
200 µm 400 µm
800 µm
3.3.2 VITEM
VITEM
Fig. 3.19
Fig. 3.19

Cm1 = 1.53 pF
Cl = 29.5 pF
Csl = 38.4 pF
Ci = 17.0 pF
(3.4)
3.3.3 VITEM
VITEM Fig. 3.20
3.3 VITEM 67
Z axis stage
gonio stage
load cell
gonio stage
X axis stage
θ axis stage
Y axis stage
stator
slider
acrylic case
acrylic board
Fig.3.20 VITEM
VITEM 3.2 DEMED
(LTS200GA ) (DPM-712B )
VITEM 2
-
( 10µm)
(Fluorinert FC-77, 3M)
Fig. 3.10
1 kV0−p 1000 Hz 1 kV0−p 999
Hz
Fig. 3.21 1 Hz
(2.41)
(2.41)
2.4.3
Fig. 3.21
3.3.5
Fig. 3.21 FFT (1 Hz)
4.7 mN (1999 Hz) 0.28 mN
(2.44) (3.4)
7.3 mN Csl = 4Cm0+Cl
64 % -
68 3 VITEM
-10
-8
-6
-4
-2
0
2
4
6
8
10
time (0.2 s/div)
th
ru
st
 f
o
rc
e 
(m
N
)
Fig.3.21 VITEM
3.3.4 VITEM
Fig. 3.18
Fig. 3.22 1 Hz
FFT 999 Hz
1000 Hz (2.39) 2
ωsl (999 Hz) ωst (1000 Hz)
Fig. 3.22 999 Hz 249 V0−p 1000 Hz
51 V0−p (2.39) (3.4)
999 Hz 297 V0−p 1000 Hz 61 V0−p
84 %
3.3.5 VITEM
VITEM
Fig. 3.23 -
( 10 µm) (Fluorinert FC-77, 3M)
(Model 200, Zimmer Japan Ltd.) Fig. 3.14
3.3 VITEM 69
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
time (0.5 s/div)
v
o
lt
ag
e 
(k
V
)
−0.5
0
0.5
time (2 ms/div)
v
o
lt
ag
e 
(k
V
)
Fig.3.22 VITEM
sliderstator
Fig.3.23 VITEM
70 3 VITEM
d
is
p
la
ce
m
e
n
t 
(0
.5
 m
m
/d
iv
)
time (2s/div)
Slider 999/1001 Hz (switching)
Stator 1000 Hz
Fig.3.24 VITEM
1 kV0−p 1000 Hz
1 kV0−p 999/1001 Hz
4
Fig. 3.24
0.8 mm/s VITEM (2.43) 0.8 mm/s
VITEM
3.3.6 VITEM
VITEM
4.2.4 Fig. 4.11
Fig. 5.5
6 Hz
1400 V0−p 1
Fig. 3.25 (A)
(A2)
(A1)
3.4 71
(B)
(B1) (B2)
(A4)
3.4
2 VITEM
DEMED VITEM
3.2
DEMED
2
2
3.2.4
2
3.2.5
3.2.6
72 3 VITEM
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
−1
0
1
A
−1
0
1
v
o
lt
ag
es
 (
k
V
)
B
−1
0
1
U
0 0.5 1 1.5
time (s)
d
is
p
la
ce
m
en
t
(1
.0
 m
m
/d
iv
)
(A3) 2 phase = 13 Hz,  4 phase = –7 Hz
(A1) 2 phase = 8 Hz,  4 phase = 2 Hz (A2) 2 phase = 8 Hz,  4 phase = –2 Hz
(A4) 2 phase = 12 Hz,  4 phase = –6Hz
(B1) 2 phase = 12 Hz,  4 phase = 6 Hz (B2) 2 phase = 12 Hz,  4 phase = –6 Hz
(A) cases of motion failure
(B) cases of synchronous motion with vibration
(driving signals for inverse direction of A1)
(driving signals for inverse direction of B1)
Fig.3.25 VITEM (A)
(B)
1, 2 2 3
4
6 Hz (A1) (A2)
(A3) (A4)
(B1) (B2) (A4) (B1)
3.4 73
1000 Hz 10 µm
3.3 VITEM
2
1 kV0−p 4.7 mN
249 V0−p
VITEM
VITEM
Portions of this chapter are c©2007 IEEE. Reprinted, with permission, from N. Yamashita, A. Yamamoto, M. Gondo,
T. Higuchi, “Evaluation of an Electrostatic Film Motor Driven by Two-Four-Phase AC Voltage and Electrostatic Induc-
tion”, Proceedings of the 2007 IEEE International Conference on Robotics and Automation , pp. 1572-1577, 2007/4,
DOI: 10.1109/ROBOT.2007.363548
c©2007 Elsevier. from N. Yamashita, Z. G. Zhang, A. Yamamoto, M. Gondo and T. Higuchi, “Voltage-induction type
electrostatic film motor driven by two- to four-phase ac voltage and electrostatic induction”, Sensors and Actuators A:
Physical , Vol. 140, No. 2 , pp. 239-250 (2007/11), DOI: 10.1016/j.sna.2007.07.007
c©2006 RSJ. from 2 4
24 , 1A12 (CD-ROM) (2006/9)
74 4 VITEM
4
VITEM
4.1
m n VITEM
VITEM
VITEM
VITEM
VITEM VITEM
VITEM
VITEM
(
)
VITEM
VITEM
VIEM
[48]
4.1 75
VITEM
( ) (
)
( )
( )
/
m
n VITEM
2 ( )
VITEM VITEM
VITEM
76 4 VITEM
4.2
VITEM
VITEM
Fig. 4.1
VITEM
VITEM [48]
m n VITEM
VITEM
4.2 77
stator slider
induction
electrodes
driving
electrodes
induction
electrodes
area
driving
electrode
area
large
largesmall
small
force
Fig.4.1
4.2.1
VITEM
Sratio
Sratio Sratio
Sdrv = Sratio ·S (4.1)
Sind = (1−Sratio)S (4.2)
Sdrv Sind S
m
Sind
m
VITEM (2.45) 4 Cm1, Ci, Cl,
Csl Ci, Cl, Cm0,
Cm1, Csl ( Ci unit, Cl unit, Cm0 unit, Cm1 unit, Csl unit
Fig. 4.2 Ci unit
Cm0 unit, Cm1 unit, Csl unit
Cm0 unit,
Cm1 unit, Csl unit Ci unit
78 4 VITEM
k3 Ci_unit
θx: position of slider
(angular representation)
(a) same values of capacitances per unit area in different electrode area ratio
(b) capacitances per unit area
Ci_unit
driving electrode induction electrode
small driving electrode ratio large driving electrode ratio
unit area of
driving electrode
unit area of
induction electrode
(k2+k3 sin θx)Ci_unit
Fig.4.2 (a) VITEM
(b)
k1 k2 k3
4.2 79
Ci unit :Cl unit :Cm0 unit :Cm1 unit (:Csl unit)
= 1 : k1 : k2 : k3 (: δk1+nk2) (4.3)
δ (m= 2 δ = 1 m> 2
δ = 2 ). k1, k2, k3
4.3
(4.1) (4.2) (4.3)
Ci =
Sind
m
Ci unit =
(1−Sratio)S
m
Ci unit
Cl = Sdrv Cl unit = k1SratioS Ci unit
Cm0 = Sdrv Cm0 unit = k2SratioS Ci unit
Cm1 = Sdrv Cm1 unit = k3SratioS Ci unit
(4.4)
(4.4) VITEM (2.45)
fAmp unit =
fAmp
S
=
mpik3Ci unit(1−Sratio)SratioVslVst
2p{1+(−1+2δmk1 sin2 pim +mnk2 )Sratio}
(4.5)
(4.5) Sratio
∂ fAmp unit
∂Sratio
= 0 Sratio opt
Sratio opt =
1
1+
√
αmn
(4.6)
αmn = m
(
2δk1 sin
2 pi
m
+nk2
)
. (4.7)
fAmp unit opt =
mpik3Ci unitVlVt
2p(1+
√
αmn)2
(4.8)
k3 Ci unit k1
k2
(k1, k2, k3)
4.2.2
VITEM
80 4 VITEM
friction at 
driving electrode
driving
direction
friction at 
induction electrode
Fig.4.3
VITEM
2
VITEM
Fig. 4.3
Fattractive
d, ε0, ε, A, Vdiff
Fattractive =
1
2
ε0εA
(
Vdiff
d
)2
(4.9)
VITEM Vind, Vsl
Fatt ind
Fatt ind =
1
2
ε0ε ·S(1−Sratio) ·
(
Vsl−Vind
d
)2
(4.10)
Vind
Vind =
VR (Sratio−1)
Sratio
{
k1m
(
δ cos 2pi
m
−2)− k2mn+1}−1 (4.11)
4.2 81
/ 0.5
Vind
Fatt drv
Fatt drv =
1
2
ε0ε ·SSratio
2
·
(
Vind
d
)2
=
ε0εSSratio
4
(
Vind
d
)2
(4.12)
µ
fAmp unit friction = fAmp unit−µ
(
Fatt ind
S
+
Fatt drv
S
)
(4.13)
VITEM µ Fig. 4.4
m= 2, n= 4, (2.50) Table 4.4
VITEM
(µ = 0.01)
0.6
0.4
0 0.6
Vind Vsl
Vsl−Vind
-
(
0.6 )
Fig. 4.5
Sratio opt
VITEM
82 4 VITEM
0 0.2 0.4 0.6 0.8 1
−0.1
0
0.1
0.2
0.3
0.4
fo
rc
e 
(N
)
0 0.2 0.4 0.6 0.8 1
−0.1
0
0.1
0.2
0.3
0.4
fo
rc
e 
(N
)
0 0.2 0.4 0.6 0.8 1
−0.1
0
0.1
0.2
0.3
0.4
fo
rc
e 
(N
)
driving electrode ratio  Sratio
driving electrode ratio  Sratio
driving electrode ratio  Sratio
force without friction
force with friction
friction of induction electrodes
friction of driving electrodes
μ = 0.01
μ = 0.10
μ = 0.50
Fig.4.4 VITEM
4.2.3
VITEM
2 VITEM
Fig. 4.6 VITEM
DEMED DEMED
VITEM DEMED Fig.
4.2 83
0 0.02 0.04 0.06 0.08 0.1
0
0.1
0.2
0.3
0.4
friction coefficient  µ
o
p
ti
m
al
 d
ri
v
in
g
 e
le
ct
ro
d
e 
ra
ti
o
  
S
ra
ti
o
_
o
p
t
0 0.02 0.04 0.06 0.08 0.1
−0.1
0
0.1
0.2
0.3
0.4
friction coefficient  µ 
o
p
ti
m
al
 f
o
rc
e 
(N
)
Fig.4.5
3.1
Fig. 4.7
VITEM (2.41) 3
(2.44)
2.4.3
3.2.5
(WF1946, NF ) (HSA4012, NF
10) Fig. 3.4


Cm1 = 19.4 pF
Cl = 123.2 pF
Csl = 249.1 pF
(4.14)
Sdrv = 13.8cm
2 (4.15)
84 4 VITEM
condenser
two- to four-phase
electrostatic motor
Fig.4.6 DEMED VITEM
VITEM DEMED VITEM
high voltage
condenser
two- to -four phase
electrostatic motor
induction 
electrode
driving 
electrode
Fig.4.7
4.2 85
Table4.1 Ci Sind Sratio
Ci (pF) Sind (cm
2) Sratio
96 10.7 0.56
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Table4.2 VITEM
capacitances 2-4 VITEM (pF) 3-3 VITEM (pF)
Csl 200.4 467.5
Cl 85.6 167.1
Cm0 36.8 46.4
Cm1 27.5 20.4
Ci 464.5 225.4
Table4.3 VITEM VITEM
( :2 kV, : VITEM ωst/2pi = 15 Hz ωsl/2pi = 10
Hz, VITEM ωst/2pi = 2 Hz ωsl/2pi =−2 Hz.)
2-to-4 VITEM 3-to-3 VITEM
comp. experimental theoretical experimental theoretical
induced
voltage
ωsl 824 V 1238 V 523 V 524 V
ωst 139 V 147 V 63 V 71 V
thrust
force
ωst−ωsl 828 mN 1070 mN 374 mN 503 mN
ωst+ωsl 592 mN 1070 mN - -
2ωst 76.6 mN 127 mN - -
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(FFT)
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Table4.4 k Ci unit
capacitances two-to-four phase VITEM three-phase VITEM
k1 0.239 0.593
k2 0.103 0.165
k3 0.077 0.072
Ci unit 0.166 0.130
Table 4.3 VITEM VITEM
2 2
Sratio
Figure 4.16 2 Sratio
Fig. 4.11 2
Sratio
VITEM
2
18 µm
35 µm
(k1, k2, k3, Ci unit)
2 Table 4.4
k1 k1
2
94 4 VITEM
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Driving electrode ratio  Sratio
fo
rc
e 
(N
) prototype
(experimental)
prototype
(experimental)
prototype
(theoretical)
prototype
(theoretical)
optimal
optimal
two−to−four
phase
three
phase
Fig.4.16
4.3
VITEM
/
Fig. 4.17
VITEM ( )
k1 k2 k3
MEMS
VITEM ANSYS(ANSYS, Inc.)
4.3 95
Line/Space
ratio
thickness
(a) a specific design of 
electrodes
(b) a different design of 
electrodes
VITEMs with same phase and 
driving electrode ratio
crosssection
structure
Fig.4.17 VITEM
k1 k2 k3
Table
4.2
(4.8)
96 4 VITEM
4.3.1
Fig. 4.18 VITEM
2D
18
6 200 µm
400 µm 20 µm -
100 µm
Electrode
Air
Infinity
(0,0)
(100)
(200) (200)
400
(100)
200
100
20
20
unitµm
U V
A CB D
Fig.4.18 VITEM
4.3 97
Table4.5
(pF) (pF)
0 1 0 1
Cst 523.1 - 206.3 -
Csl 302.7 - 103.5 -
Ct 171.3 - 76.9 -
Cl 98.9 - 24.7 -
- Cm0, Cm1 51.8 39.6 19.7 18.8
2
PLANE121 INFIN110
i 1 V
j( j = 1, . . . ,6, j 6= i) 0 V j
i j Ci j
−Ci j(i 6= j) Ci j(i= j) i
(i = 1, . . . ,6) A, B, C, D, U, V A, B, C, D
U, V ( B ) 1 V
( V ) 1 V
20 µm/step
( 41
31 )
B U 1 V
Fig. 4.19, Fig. 4.20
Fig. 4.21, Fig. 4.22 Fig. 4.21, Fig.
4.22 FFT Fig.
4.21, Fig. 4.22 Fig. 4.11
Fig. 4.21, Fig. 4.22 -
FFT Table 4.2 Table
4.5
(2.16) (2.17) Cl
98 4 VITEM
A B
U V U
C D A B 1 V
0 V
Fig.4.19 VITEM
(B )
A B
U V U
C D A B
1 V 0 V
Fig.4.20 VITEM
(V )
4.3 99
 
 
0
20
40
60
80
 
 
50
0
100
150
250
200
0
20
40
60
80
 
  
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
position (mm)
0
−200
−100
100
200
400
300
500
ca
p
ac
it
an
ce
 (
p
F
)
ca
p
ac
it
an
ce
(p
F
)
ca
p
ac
it
an
ce
(p
F
)
ca
p
ac
it
an
ce
(p
F
)
10
0
20
10
0
20
10
0
20
0 1 2 3 4 5
structural frequency (Hz)
0 1 2 3 4 5
structural frequency (Hz)
0 1 2 3 4 5
structural frequency (Hz)
0 1 2 3 4 5
structural frequency (Hz)
0 1 2 3 4 5
structural frequency (Hz)
0 1 2 3 4 5
structural frequency (Hz)
Phase A
Phase B
Phase C
Phase D
Phase U
Phase V
phase B 
phase D 
phase V phase U 
phase C 
phase A 
Fig.4.21 VITEM (B )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−200
−100
0
100
200
400
300
500
position (mm)
 
0 1 2 3 4 5
0
20
structural frequency (Hz)
ca
p
ac
it
an
ce
 (
p
F
)
 
0 1 2 3 4 5
0
20
structural frequency (Hz)
0 1 2 3 4 5
0
20
10
10 10
10
structural frequency (Hz)
ca
p
ac
it
an
ce
(p
F
)
ca
p
ac
it
an
ce
(p
F
)
ca
p
ac
it
an
ce
(p
F
)
 0 1 2 3 4 5
0
20
structural frequency (Hz)
0 1 2 3 4 5
0
20
40
structural frequency (Hz)
 
 
0 1 2 3 4 5
0
40
80
120
structural frequency (Hz)
 
Phase A
Phase B
Phase C
Phase D
Phase U
Phase V
phase B 
phase D 
phase V phase U 
phase C 
phase A 
Fig.4.22 VITEM (V )
100 4 VITEM
DEMED
VITEM
VITEM
4.3.2
Fig. 4.11 VITEM VITEM
(OLFA Corp.)
(VK-8510, Keyence Corp.) (CF Plan
20x/0.46, NIKON) Fig. 4.23
Fig. 4.23
Fig. 4.23
4.3 101
driving electrodes induction electrode
two-phase film
driving electrodes
four-phase film
driving electrodes driving electrodes (wiring part)
three-phase film
base film
cover film
cover film
electrode
adhesion
adhesion
Fig.4.23
102 4 VITEM
Table4.6
-
87 µm 147 µm 186 µm
92 µm 155 µm 207 µm
Table4.7 FPC [53]
(µm)
9, 12, 18, 35
12.5, 25, 50
( / ) 12.5/15, 12.5/25, 25/20, 25/35
Fig. 4.23
10
µm Table. 4.6
FPC
[53] Table. 4.7
Fig. 4.23 Table. 4.6 Table. 4.7
Fig. 4.24
(4.5)
Fig.
4.25 (FPC)
FPC
4.3 103
[53] 3 Fig.
4.25(a) FPC FPC
18 µm 20 µm
‘S2 ’
“S” (Single-sided) “2”
2
Fig. 4.25(b)
‘D2 ’
“D” (Dual-sided) “2”
2 D2
20 µm FPC
25
18
25
25
1835-40
35
25
2-phase driving electrode 2-phase induction electrode
4-phase driving electrode 4-phase induction electrode (estimated)
(by micrometer) 92
(by micrometer) 155
(by micrometer) 87
(by micrometer) 147
total 85-90 total 94
35-40
25
25
25
18
35
35
25
25
25
18
35
total 145-150
total 163
3-phase driving electrode
3-phase induction electrode (estimated)
(by micrometer) 207
unit [µm]
(by micrometer) 186
55
25
10
10
25
25
3535
55
35
20
35
35
25
20
25
25
20
20
55
total 185 total 205
Fig.4.24
104 4 VITEM
driving
electrode
induction
electrode
2
0
2
0
9
0
2
5
2
5
2
0
2
0
1
5
0
2
5
2
5
3
5
2
5
(a) two-phase film (b) four-phase film (c) three-phase film
3
5
1
0
1
0 1
8
5
2
5
2
5
5
5
2
5
[unit: µm]
2
5
2
5
2
0
3
5
1
0
5
2
5
2
5
3
5
2
5
2
0
1
6
5
3
5
3
5
2
0
2
0 2
0
5
2
5
2
5
5
5
2
5
polyimideadhesive
copper
S2 type
(single-sided board)
D2 type
[double-sided board with
two-layer (adhesiveless) type]
D3 type
[double-sided board with
three-layer type]
Fig.4.25
D2
‘D3 ’
“3” 3 2
FPC FPC
35 µm
Fig. 4.11
Fig. 4.26
S2 D2
D3
ANSYS
(Ansys Inc.)
3.0 5.0 1.8 1.0
20 µm
(1V)
VITEM Fig. 4.27 Fig. 4.28
Fig. 4.29 Fig. 4.11
Fig. 4.29 (b)
4.4 105
[unit: μm]
relative
permittivity
film 3.0
adhesive 5.0
dielectric
liquid 1.8
electrode -
air 1.0
gap
6
0
gap
6
0
(a) two-to-four phase VITEM (b) three-phase VITEM
voltage constraint
Fig.4.26 VITEM
S2 D2
D3
1.5 [49]
Table 4.2 Fig. 4.30
4.4
4.4.1
VITEM
S2-D2 D3-D3 D2-D2 VITEM
3 FPC
60 µm 20 µm
200 µm (4.5)
Fig. 4.31(a)
S2-D2 S2
-
FPC
106 4 VITEM
A B
U V
C D
0 V 1 V
Fig.4.27 VITEM (V )
U WV
A B C
0 V 1 V
Fig.4.28 VITEM (V )
4.4 107
(b) three-phase VITEM
(a) two-to-four phase VITEM
0 100 200 300 400 500 600 700 800
−200
−100
0
100
200
300
400
500
position (µm)
ca
p
ac
it
an
ce
 c
o
ef
fi
ci
en
t 
(p
F
)
 
 
self capacitance
slider’s electrode
between slider’s electrode
between slider’s and stator’s
electrode
mutual capacitances
0 100 200 300 400 500 600
−200
−100
0
100
200
300
400
500
position (µm)
ca
p
ac
it
an
ce
 c
o
ef
fi
ci
en
t 
(p
F
)
 
 
self capacitance
slider’s electrode
between slider’s electrode
between slider’s and stator’s
electrode
mutual capacitances
Fig.4.29
B
108 4 VITEM
Csl Cl Cm0 Cm1 Ci
0
100
200
300
400
500
(a) two−to−four phase VITEM
ca
p
ac
it
an
ce
 (
p
F
)
 
 
Experimental
FEM
Csl Cl Cm0 Cm1 Ci
0
100
200
300
400
500
(b) three−phase VITEM
ca
p
ac
it
an
ce
 (
p
F
)
 
 
Experimental
FEM
Fig.4.30 . (a) VITEM (b)
VITEM
4.4 109
VITEM
D3 Fig. 4.31(b)
D3-D3
600 µm
Fig. 4.11 200 µm
1000
V (L/S)=1:1 20 µm 60 µm
VITEM
3
200 µm VITEM
Cl
Fig. 4.32(c)
4.4.2 VITEM
2
2 D3-D3 4 6 Fig. 4.32 (a),
(b), (c), (d)
Fig. 4.32 (a), (b), (c) 4 D3-D3
20 µm 1000 V0−p
Fig. 4.32 (a) 2 , 20 µm 100 µm
200 µm 0.50
VITEM
110 4 VITEM
S2−D2 D3−D3 D2−D2
0
10
20
30
40
50
60
film structure
(a) 2-to-4 VITEM having different film structures
(b) different-phase VITEMs having D3-D3 structure
 f
u
n
it
_
o
p
t 
 (
N
/m
2
)
 f
u
n
it
_
o
p
t 
 (
N
/m
2
)
2−to−3 2−to−4 3−to−3
0
10
20
30
40
50
60
skewed
non-skewed
long
structural
period
voltage amplitudes Vsl, Vst: 1000 V
stator electrode pitch p:
slider electrode pitch :
voltage amplitudes Vsl, Vst: 1000 V
200 µm
400 µm
200 200 200 200150 
300
stator
slider 400 200 200300 
600 800 600 600600 
electrode
pitch
structural
period
[unit: µm]
Fig.4.31 (a)
VITEM (b) VITEM
( 60 µm, : 1000
V L/S=1:1 20 µm)
4.4 111
Fig. 4.32 (b) 200 µm
60 µm 0.50
Fig. 4.32 (c) DEMED
VITEM
VITEM
200 300 µm
Fig. 4.32 (d)
Cl
Cl (4.7) k1 αmn
(4.8) VITEM
4.4.3
VITEM
FFT Fig.
4.33 . - Cm0 Cm1
Cl
Fig. 4.34 Vl Vt 1 kV0−p
- Cm1
VITEM
VITEM
112 4 VITEM
0 20 40 60 80 100
 
 
0 0.2 0.4 0.6 0.8 1
 
 
 2−to−4 phase (S2D2)
 3−to−3 phase (D3D3, skewed, 
                         electrode thickness 35µm)
 2−to−3 phase (D3D3)
 2−to−4 phase (D3D3)
 3−to−3 phase (D3D3)
 3−to−3 phase (D3D3, skewed)
[Models based on prototype]
0
20
40
60
80
100
120
0
10
20
30
40
50
60
gap between films  (µm)
(a) relationship between 
optimal force and film gaps
(b) relationship between
optimal force and driving-electrode-width ratio
driving electrode width ratio
0 100 200 300 400
 0
10
20
30
40
50
60
 f
u
n
it
_
o
p
t 
(N
/m
2
)
 f
u
n
it
_
o
p
t 
(N
/m
2
)
 f
u
n
it
_
o
p
t 
(N
/m
2
)
 f
u
n
it
_
o
p
t 
(N
/m
2
)
(c) relationship between 
optimal force and pitch of driving electrode
pitch of driving electrode  (µm)
0 10 20 30 40 50
 
 
0
10
20
30
40
50
60
(d) relationship between 
optimal force and thickness of driving electrode
thickness of driving electrode  (µm)
Fig.4.32 (a) (b)
(c) (d)
4.4 113
0 10 20 30 40 50
0
0.01
0.02
0.03
0.04
0.05
driving electrode thickness (µm)
ca
p
ac
it
an
ce
 o
f 
d
ri
v
in
g
 e
le
ct
ro
d
e 
(p
F
/m
m
2
)
slider capacitance
stator-slider capacitance
Cm1
Cl
Cm0
Fig.4.33 VITEM
0 10 20 30 40 50
0
10
20
30
40
50
60
fo
rc
e 
p
er
 u
n
it
 m
o
to
r 
ar
ea
 (
N
/m
2
)
0
100
200
300
400
500
600
driving electrode thickness (µm)
in
d
u
ce
d
 v
o
lt
ag
e 
(V
)
 
 
induced voltage
force
Fig.4.34 VITEM
114 4 VITEM
4.5
4.5.1
2 3 VITEM
VITEM
(
) ( )
2 m n VITEM
DEMED
VITEM
VITEM
DEMED
VITEM
FPC
FPC
4.5 115
DEMED FPC
VITEM
FPC
0.50
200
300 µm VITEM
VITEM
4.5.2
VITEM LC
[29]
c©2013 JSME. from N. Yamashita, A. Yamamoto, T. Higuchi, “Effects of Electrode Configuration for Performances of
Voltage-Induction-Type Electrostatic Motors”, Journal of Advanced Mechanical Design, Systems, and Manufacturing,
vol. 7, issue 3, pp. 333-347 (2013), DOI: 10.1299/jamdsm.7.333
c©2006 JSPE. from
2006 , pp. 489-490 (2006/9)
c©2013 JSPE. from
2013 , pp. 477-478 (2013/3)
116 5 VITEM
5
VITEM
5.1
VITEM
2
VITEM
5.2 117
stator
slider
induction
electrodes
driving
electrodes
driving
direction
two-phase 
pulse voltage
four-phase 
pulse voltage
Fig.5.1 VITEM
5.2
5.2.1
Figure 5.1 VITEM
4
p
2p 4p
2
5.2.2
(2.41)
Fig. 5.2 8
(2.41)
DC
118 5 VITEM
driving electrodesinduction electrodes
(6) (5) 65
1 2 3 478
Ci
Cm0+Cm1cosθx
θx Cl
V1V7 V2 V3 V4
V5 V6
V8
Csl: sum of 
capacitances
Fig.5.2 VITEM 8
Vst, Vsl, φst φsl
VITEM
find =
piCiCm1VslVst {sin(θx+φsl−φst)− sin(θx−φsl−φst)}−2piC2m1V 2st sin(2θx−2φst)
(Ci+Cl+Csl)p
(5.1)
θx Ci Cl Csl Cm1
( Fig. 5.2): Ci ; Cl 2 ;Csl
; Cm1
VITEM
(2.39)
V5 =
CiVsl sinφsl−2Cm1Vst sin(θx−φst)
Ci+Cl+Csl
, V6 =−V5. (5.2)
Fig. 5.3
“ A” A DC
[+V, 0, −V, 0]
DC [+V,−V ]
(i) (iv) 4
[+V, −V ] V [sin(pi/2), sin(3pi/2)] [+V, 0, −V, 0]
5.2 119
7 8
5 6
1 2 3 4
slider
stator(i)
(ii)
(iii)
(iv)
Fig.5.3 A
[+V, 0, -V, 0] DC [+V, -V]
(i) (iv) 4
V [sin(pi/2), sin(0), sin(−pi/2), sin(pi)] Vst = Vsl = V φst = φsl = pi/2
(5.1) (5.2)
(i) V5,V6
V5 =
V
Ci+Cl+Csl
(Ci+2Cm1 cosθx), V6 =−V5. (5.3)
4
fk = κV
2
[
Cm1 sin(2θx− kpi)−Ci sin(θx− k−1
2
pi)
]
(k = 1,2,3,4) (5.4)
k κ
κ =
2piCm1
(Ci+Cl+Csl)p
(5.5)
120 5 VITEM
Figure 5.4
4p
4
Fig. 5.4(a)
p Fig.
5.4(b)
2
1)
2)
5.2.3
Fig. 4.11(a) (FPC)
95 mm. 120 mm
86.4mm 25 mm 86.4
mm 32.4 mm 2
160 mm 100 mm 132.8
mm 25 mm 132.8 mm 32.4 mm
0.4 mm 0.2 mm
Table 4.2
Cm1 = 27.5 pF
Csl = 200 pF
Cl = 85.6 pF
Ci = 464 pF.
(5.6)
20 µm
(FC-77, 3M)
Fig. 5.5 (LC-
2400/LC-2440, Keyence Corp.)
(DSP)(ds1104, dSPACE) , 6 (HVA4321, NF
Corporation) 1000 ±1 kV
5.2 121
(a) no external forces
(b) with external forces
0 1 2 3 4
–2
–1
0
1
2
n
o
rm
al
iz
ed
 t
h
ru
st
 f
o
rc
e
i ii iviii
stable equilibrium point
relative slider position
(four-phase electrode pitch p) 
0 1 2 3 4
–2
–1
0
1
2
n
o
rm
al
iz
ed
 t
h
ru
st
 f
o
rc
e
i ii iviii
relative slider position
(four-phase electrode pitch p) 
voltage switching  (iv)    (i)    (ii)    (iii)
voltage switching  (iv)    (i)    (ii)    (iii)
force path
external force
maximum acceptable load
in this sequence
shift of 
stable equilibrium
point
Fig.5.4 A (i) (iv)
A
(a) A
(b)
122 5 VITEM
digital signal 
processor (DSP)
(ds1104, dSPACE)
  ×1000
high voltage amplifier
(HVA4321, NF)
  ×1000
two-phase
voltage
four-phase
voltage
laser displacement
sensor
(LC-2440, Keyence)
stator
acrylic board
(with slider)
sensor target
positioning
stages
Fig.5.5
4, 8, 16, 24, 32, 40 times/s
Figure 5.6
200 µm
Fig. 5.7
DC
[54]
5.3
5.3.1 A
Fig. 5.8
2
(5.4) V 2
A
±1 kV
5.3 123
v
o
lt
ag
e 
(k
V
)
time (s)
d
is
p
la
ce
m
en
t 
(m
m
)
0
2
–2
0
2
–2
0
2
–2
0
0
–0.5
0.5
0.5
1.0
1.0
1.5
1.5
continuous
stepping motion
motion
failure
terminal 1
terminal 2
terminal 8
Fig.5.6 A 3 3
4 times/s Figure 5.9
200 µm
5.3.2 2
A 2 DC
B
Fig. 5.10 [+V,+V,−V,−V ]
‘ B’
B A 4
124 5 VITEM
time (s)
d
is
p
la
ce
m
en
t 
(m
m
)
switching frequency
40 times/s
32 times/s
24 times/s
16 times/s
8 times/s
4 times/s
0
1
2
3
4
0 0.5 1.0 1.5
Fig.5.7 A
slider
stator (i)
(ii)
(iii)
(iv)
(i)
(ii)
(iii)
(iv)
sequence A
without reversing polarities
sequence A
with reversing polarities
reversing all the polarities
Fig.5.8 A 2
5.3 125
v
o
lt
ag
e 
(k
V
)
time (s)
d
is
p
la
ce
m
en
t 
(m
m
)
terminal 1
terminal 8
terminal 2
0
0
0.5
–0.5
0.5
1.0
1.0
1.5
1.5
2.0
2.0
2.5
2.5
3.0
3.0
3.5
3.5
–2
0
2
–2
0
2
–2
0
2
Fig.5.9 A
(v), (vi), (vii), (viii)
[+V,+V,−V,−V ] √2V [sin(3pi/4),sin(pi/4),sin(−pi/4),sin(−3pi/4)]
(v) (5.2)
V5 =
V
Ci+Cl+Csl
{Ci+2
√
2Cm1 cos(θx+
pi
4
)}, V6 =−V5, (5.7)
fk = κV
2
[
2Cm1 cos(2θ − kpi)+
√
2Ci sin(θ − k
2
pi− 3pi
4
)
]
(k = 5,6,7,8) (5.8)
k (=5, 6, 7, 8) (v), (vi), (vii), (viii) Ci Cm1
, 2 (5.4) B
A
√
2
B
Figure 5.11 B A
126 5 VITEM
sequence B
with reversing polarities
reversing all the polarities
sequence B
without reversing polarities
(v)
(vi)
(vii)
(viii)
(vii)
(v)
(vi)
(viii)
Fig.5.10 B: [+,+,-,-]
2
4 4
A (Fig. 5.4(a))
C
A B (p/2)
1 8
‘
C’ Fig. 5.12 A
B 4
5.4
5.2.3
5.4 127
0 1 2 3 4
–2
–1
0
1
2
n
o
rm
al
iz
ed
th
ru
st
 f
o
rc
e
viii viiv vi
relative slider position
(four-phase electrode pitch p) 
maximum acceptable load
Fig.5.11 B (v) (viii)
B A
A
B
0 0 00
0 00 0
0 0 00
0 00 0
(i)
(ii)
(iii)
(iv)
sequence A
(v)
(vi)
(vii)
(viii)
sequence B
reversing all the polarities
Fig.5.12 C: A B
128 5 VITEM
5.4.1
3 A B C
Figure 5.13
A B 200 µm 5.2.2
B
A
B A
Fig. 5.4(a) Fig. 5.11
Fig. 5.4(b)
B
A
A B C
A B A
B
B A 70 µm A B
130 µm
C
5.4.2
Fig. 5.14
Fig. 5.15
5.4.3
Figure 5.16
(Model 344, TReK Inc.)
5.4 129
0 0.5 1 1.5
–0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
time (s)
d
is
p
la
ce
m
en
t 
(m
m
)
sequence A
sequence B
sequence C
Fig.5.13 3 A B
200 µm C
70/130 µm
Fig. 5.17
Figure 5.18 C A B
C ± 1 kV
(a) 8 times/s (b) 0.08
times/s (a)
(b)
(5.3) (5.7) Figure 5.19(a)
(b) (
)
A B
130 5 VITEM
V
e
lo
c
it
y
 i
s
 0
 o
r 
n
o
t 
0
 ?
D
y
n
a
m
ic
 o
r 
S
ta
ti
c
?
if
 v
!=
0
fr
ic
ti
o
n
 =
 d
y
n
a
m
ic
 f
ri
c
ti
o
n
In
 s
ta
ti
c
 s
ta
te
,
e
x
te
rn
a
l 
fo
rc
e
 >
 m
a
x
im
u
m
 s
ta
ti
c
 f
o
rc
e
?
o
r
e
x
te
rn
a
l 
fo
rc
e
 <
 m
a
x
im
u
m
 s
ta
ti
c
 f
o
rc
e
?
F
o
rc
e
A
c
c
e
la
ra
ti
o
n
P
o
s
it
io
n
V
e
lo
c
it
y
E
le
c
tr
o
s
ta
ti
c
 f
o
rc
e
M
o
d
e
l 
o
f 
v
o
lt
a
g
e
-i
n
d
u
c
ti
o
n
-t
y
p
e
 e
le
c
tr
o
s
ta
ti
c
 m
o
to
r
w
it
h
 c
o
u
lo
m
b
 f
ri
c
ti
o
n
 m
o
d
e
l
k
th
e
ta
_
x
P
h
a
s
e
(s
e
q
u
e
n
c
e
 A
)
P
h
a
s
e
(s
e
q
u
e
n
c
e
 B
)
V
v
o
lt
a
g
e
2V
v
o
lt
a
g
e
1
1 s
v
e
lo
c
it
y
1
1 s
v
e
lo
c
it
y
th
re
_
v
0
th
re
s
h
o
ld
 o
f 
z
e
ro
 s
p
e
e
d
4
s
te
p
 w
id
th
1
s
e
q
_
s
w
s
e
q
u
e
n
c
e
_
s
w
it
c
h
p
i/
2
s
4
p
i/
4
s
3
1
s
2
1
s
1
0
.5
re
c
ip
ro
c
a
te
 r
a
ti
o
re
c
ip
_
p
e
ri
o
d
re
c
ip
ro
 p
e
ri
o
d
ra
te
ra
te
/t
im
e
p
o
s
it
io
n
1
1 s
x o
p
o
s
it
io
n
F
s
m
a
x
im
u
m
 s
ta
ti
c
 f
ri
c
ti
o
n
0
b
a
s
e
_
p
o
s
it
io
n
b
a
s
e
 t
im
e
2
b
a
s
e
 t
im
e
1
b
a
s
e
 t
im
e
s
in
T
ri
g
o
n
o
m
e
tr
ic
F
u
n
c
ti
o
n
5
s
in
T
ri
g
o
n
o
m
e
tr
ic
F
u
n
c
ti
o
n
4
s
in
T
ri
g
o
n
o
m
e
tr
ic
F
u
n
c
ti
o
n
3
s
in
T
ri
g
o
n
o
m
e
tr
ic
F
u
n
c
ti
o
n
2
s
in
T
ri
g
o
n
o
m
e
tr
ic
F
u
n
c
ti
o
n
1
1 1
T
ra
n
s
fe
r 
F
c
n
ti
m
e
T
o
 W
o
rk
s
p
a
c
e
3
fo
rc
e
s
T
o
 W
o
rk
s
p
a
c
e
2
fr
ic
ti
o
n
T
o
 W
o
rk
s
p
a
c
e
1
p
o
s
it
io
n
s
T
o
 W
o
rk
s
p
a
c
e
S
w
it
c
h
6
S
w
it
c
h
4
S
w
it
c
h
1
S
w
it
c
h
<
=
S
p
e
e
d
0
 o
r 
n
o
n
-0
S
in
e
 W
a
v
e
S
ig
n
1
S
ig
n
fl
o
o
r
R
o
u
n
d
in
g
F
u
n
c
ti
o
n
<
=
R
e
la
ti
o
n
a
l
O
p
e
ra
to
r2
<
=
R
e
la
ti
o
n
a
l
O
p
e
ra
to
r
P
ro
d
u
c
t3
P
ro
d
u
c
t2
P
ro
d
u
c
t1
m
o
d
M
a
th
F
u
n
c
ti
o
n
1
m
o
d
M
a
th
F
u
n
c
ti
o
n
0
In
it
ia
l 
p
o
s
it
io
n
-p
i/
2
G
a
in
9
-1 G
a
in
8
-1 G
a
in
7
2
*p
i
G
a
in
6
1
0
0
0
G
a
in
5
s
q
rt
(2
)*
C
i
G
a
in
4
2
*p
i*
C
m
1
/(
(C
i+
C
l+
C
s
l)
*p
)
G
a
in
3
p
i/
(2
*p
)
G
a
in
2
0
G
a
in
1
5
2
G
a
in
1
4
2
G
a
in
1
3
C
m
1
G
a
in
1
2
2
*C
m
1
G
a
in
1
1
C
i
G
a
in
1
0
-1 G
a
in
1
-1 G
a
in
F
d
D
y
n
a
m
ic
 f
ri
c
ti
o
n
d
u
/d
t
D
e
ri
v
a
ti
v
e
1
d
u
/d
t
D
e
ri
v
a
ti
v
e
C
lo
c
k
A
d
d
2
A
d
d
1
A
d
d
|u
|
A
b
s
1
|u
|
A
b
s
1
/m
1
/m
a
s
s
1
.f
ri
c
ti
o
n
2
.F
ro
c
e
s
3
.a
c
c
e
l
Fig.5.14
5.4 131
0 0.5 1 1.5 2
−0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
time (s)
p
o
si
ti
o
n
 (
m
m
)
sequence C
(simulation)sequence B
(simulation)
sequence A
(simulation)
Fig.5.15
digital signal 
processor (DSP)
(ds1104, dSPACE)
×1k
high voltage amplifier
(HVA4321, NF)
×1k
two-phase
voltage
four-phase
voltage
slider
stator electrode for
measuring
induced voltage
electrostatic
voltmeter
(Model 344, TReK Inc.) metal board
non-contact
voltage measuring probe
Fig.5.16
132 5 VITEM
–1
–0.5
0
0.5
1
time (0.125 s/div)
v
o
lt
ag
e 
(k
V
)
contact probe
non-contact
probe
Fig.5.17
(5.3) (5.7)
±650 V
A 100V B 150 V
±619 V A 73 V B 104 V
Fig. 5.18
Fig. 5.20
5.5
5.4 133
−1.5
0
1.5
time (12.5 s/div) 
in
d
u
ce
d
v
o
lt
ag
e 
(k
V
)
−1.5
0
1.5
−1.5
0
1.5
−1.5
0
1.5
−1.5
0
1.5
in
d
u
ce
d
v
o
lt
ag
e 
(k
V
)
time (0.125 s/div)
ap
p
li
ed
 v
o
lt
ag
e 
(k
V
)
induced
voltage
(terminal 5)
terminal 7
terminal 1
terminal 2
viiv vi viii
iii iii iv
viiv vi viii
iii iii iv
(a) short switching period
(b) long switching period
induced
voltage
(terminal 5)
Fig.5.18 (a) 3
(a) (b)
134 5 VITEM
0.4
0.5
0.6
0.7
0.8
0.9
in
d
u
ce
d
 v
o
lt
ag
e 
(k
V
)
relative slider position
(100 µm/div)
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
relative slider position
(100 µm/div)
0.4
0.5
0.6
0.7
0.8
0.9
in
d
u
ce
d
 v
o
lt
ag
e 
(k
V
)
relative slider position
(100 µm/div)
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
relative slider position
(100 µm/div)
(b) long switching period (0.4 times/s)
(a) short switching period (8 times/s)
Fig.5.19 C (a)
(b)
A B
5.4.4
(LTS-1KA, Kyowa Electronic Instruments)
(DPM-711B, Kyowa Electronic
Instruments)
C C
A B
Fig.
5.21
5.4 135
10−2 10−1 100 101
550
600
650
700
750
800
850
900
switching period (s)
in
d
u
ce
d
 v
o
lt
ag
e 
(V
)
theoretical
maximum voltage
minimum voltage
Fig.5.20 1
2 (5.4) (5.8)
(5.6) θx = 0.6
8
Fig. 5.22
(a) (b)
8 times/s 0.4 times/s A
B Fig. 5.4
Fig. 5.11
B A
Table 5.1 (5.4) (5.8)
136 5 VITEM
–1.5
–1
–0.5
0
0.5
1
1.5
time (5 s/div)
fo
rc
e 
(N
)
i
ii
iv
iii
v
vi
viii
vii
sequence A part : iii iii iv
sequence B part : v vi viiivii
(theoretical)
Fig.5.21 C
Table5.1
seq. A seq. B
theoretical 0.54 N 0.82 N
measured (long switching period) 0.89 N 0.98 N
measured (short switching period) 0.43 N 0.45 N
B A
5.5
5.5.1
Fig. 5.23
5 6
5.5 137
–1.5
–1
–0.5
0
0.5
1
1.5
fo
rc
e 
(N
)
stable equilibrium points
relative slider position
(100 µm/div)
ii iii iv i
stable equilibrium points
relative slider position
(100 µm/div)
v vi vii viii
–1.5
–1
–0.5
0
0.5
1
1.5
fo
rc
e 
(N
)
relative slider position
(100 µm/div)
ii iii iv i
relative slider position
(100 µm/div)
v vi vii viii
(a) short switching period (8 times/s)
(b) long switching period (0.4 times/s)
Fig.5.22 C
(8 times/s)
(0.4 times/s)
A
B
138 5 VITEM
driving 
electrodes
resistance between 
slider’s electrodes
induction
electrodes
(6)(5)
65
1 2 3 47 8
Fig.5.23
4 t = 0
1. (t = 0− ε , ε )
2. (t = 0)
3. (t > 0)
4. (t = ∞)
5.5.2
Fig. 5.24 (1) [+Vst, 0, −Vst, 0] [+Vsl, −Vsl]
(2) [0, +Vst, 0, −Vst] [−Vsl, +Vsl]
(3)
3( )
Q V I
Q = AQe
− tτ +BQ (5.9)
V = AVe
− tτ +BV (5.10)
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− tτ +BI (5.11)
5.5 139
(6)(5)
65
1 2 3 47 8
(6)(5)
65
1 2 3 47 8
(1) charged state (t = 0 – ε) (2) voltage switching (t = 0 )
(3) charging state (t > 0) (4) charged state (t = ∞)
(6)(5)
65
1 2 3 47 8
(6)(5)
65
1 2 3 47 8
–Vst+Vst 0 0+Vsl –Vsl +Vst–Vst 00–Vsl +Vsl
+Vst–Vst 00–Vsl +Vsl +Vst–Vst 00–Vsl +Vsl
applied
voltages
q5 q6
charges are same as state (1)same voltage
voltage
switcihg
same voltagecharge moves through resistor
Fig.5.24 (1) (t = 0− ε , ε
)
(2) (t = 0)
(3)
(t > 0)
(4) (t = ∞)
AQ,AV,AI,BQ,BV,AI i
AQi,AVi,AIi,BQi,BVi,BIi τ
dQ
dt
+GV+ I = 0 (5.12)
140 5 VITEM
I G
G =


0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 1/R −1/R 0 0
0 0 0 0 −1/R 1/R 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0


(5.13)
((n+2m)× (n+2m) matrix)
(5.12) (5.9) (5.10)
(AQ− τGAV− τAI)e−
t
τ − τ(GBV+BI) = 0 (5.14)
{
(AQ− τGAV− τAI) = 0
τ(GBV+BI) = 0
(5.15)
5 6
AIi = BIi = 0 (i= 5,6) (5.16)
Q = CV
AQe
− tτ +BQ = CAVe−
t
τ +CBV (5.17)
{
AQ−CAV = 0
BQ−CBV = 0
(5.18)
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(2) 1 (t = 0− ε)
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
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q6(t=0−ε) = −q5(t=0−ε)
(5.20)
x0
q5(t=0) = q5(t=0−ε) q6(t=0) = q6(t=0−ε) (5.20) (5.9) t = 0
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
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AQ6+BQ6 = CiVsl+2Cm1Vst cos
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(5.21)
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(5.9) t→ ∞{
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BQ6 = 2Cm1Vst sin
pix
2p
−CiVsl
(5.23)
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2
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τ Vst(t)
Vsl(t) t = 0
Vst(t) =
[
Vst(1− e− tτ ), −Vste− tτ , −Vst(1− e− tτ ), Vste− tτ
]
(6.1)
Vsl(t) =
[
Vsl(1−2e−
t
τ ),−Vsl(1−2e−
t
τ )
]
(6.2)
V24
V24 = [Vst(t),V5, V6, Vsl(t)] (6.3)
Q24 (2.36) m= 2, n= 4
(q5, q6) (2.32) Q24 = C24(θx)V24
V5,V6 qi(i= 1,2, ...,6) V6 =−V5, q7 =−q8
q2, q3, q4 q1 V5, q1, q7
V5 =
e−
t
τ
{
CiVsl
(
e
t
τ −2
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+2Cm1Vst
(
e
t
τ −1
)
cosθx−2Cm1Vst sinθx
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(6.4)
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Vst
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−4CiCm1Vl cosθx] (6.7)
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2Cie
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(6.8)
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